I have on previous occasions shown how we can be surprised and delighted by new discoveries in steels, which at the same time may be useful. However, my focus in this lecture is purely on some basic science so that a well-founded understanding of mechanisms can lead to ever greater advances. The composite structure that is known colloquially as bainite is arguably the most interesting of all of the essential microstructures that occur in steels, where the manner in which atoms move is seminal to the design of steels. Therefore, I take the liberty to indulge myself and talk only of theory on this occasion.
Introduction
Bainite is not a phase, rather, it can be an aggregate of phases consisting predominantly of platelets of ferrite but with a sprinkling of minority phases such as carbides or residual austenite [Davenport 1930 ], [Bhadeshia 2015b] . It is lovely structure that has advantages including the fact that it can be generated uniformly in huge components such as steam turbines [Colbeck, Rait 1952] , or can be used microscopically as a surface treatment to enhance tribological properties [Zhang et al. 2008 ]. The structure is amenable to careful control -for example, its scale can be regulated from hundreds of micrometres to tens of nanometres [Bhadeshia, Honeycombe 2017] . Such variations are reflected in properties, emphasising the versatility of the structure. There are cases where the structure has such a high energy absorbing capacity that the Charpy toughness cannot in fact be measured because the energy absorbed is off the upper limit of the scale at subzero temperatures [Zhu et al. 2016] . A number of the industrial advances that have been made in recent years have relied on the theoretical understanding of the bainite transformation. The theory therefore is not simply fodder for academic debate. Any completely satisfactory theory of a phase transformation must explain in quantitative detail the known set of observations. It should also be able to venture into previously unknown domains so that experiments can be done to verify its ability to generalise. Some of its predictions may lead to previously unknown consequences, which is when it becomes thrilling. But first, it is important to set aside any discussion about whether or not there is the diffusion of atoms during the transformation. In the next few paragraphs I describe a disarmingly simple way to distinguish changes in crystal structure that are accomplished by the homogeneous deformation of the lattice, as opposed to those that occur by a higgledy-piggledy movement of atoms. All that is required is to monitor the transformation of austenite that has been deformed beyond a critical plastic strain ε. Fig. 1 illustrates two kinds of interfaces consisting of dislocation arrays between the parent and product crystals. The glissile interface is able to translate without diffusion because the Burgers vectors of the interfacial dislocations lie outside of the plane of the boundary. The corresponding dislocations in the sessile interface would need to climb for the boundary to move, with diffusion occurring over a distance comparable to the scale of the transformation product [Bhadeshia 1985] . A distinguishing characteristic of these two kinds of interfaces is that obstacles (defects) in the path of a glissile interface hinder its motion. A point is reached where it cannot advance because the driving force for the translation of the interface is less than the pinning force due to obstacles. Dislocations introduced by plastic deformation of the parent phase are potent obstacles to glissile interfaces. At this critical strain within the parent phase, transformation is entirely suppressed. Figs 1b,c show the dramatic suppression of the bainite transformation in deformed austenite [Shipway, Bhadeshia 1995] . The critical strain ε is defined by balancing the force due to the chemical free energy change ( bΔG ) against the term on the right hand side that opposes the movement of the interfacial array of dislocations -the details including nomenclature, are available elsewhere [Chatterjee et al. 2006] , suffice it to say that quantitative predictions are possible: [Shipway, Bhadeshia 1995] .
In contrast, (reconstructive) transformations that rely on diffusion are actually accelerated if the parent phase is plastically deformed -indeed, this is the whole basis of the thermomechanical treatment of billions of tonnes of steel into ferrite plus pearlite microstructures. The test described here is conclusive, does not require expensive equipment and yet unveils information on atomic mechanisms.
Shape deformation
It has been self-evident, ever since the first report that the shape of the austenite is altered by the formation of bainitic ferrite [Ko, Cottrell 1952] , that the transformation is displacive with no possibility of the diffusion of substitutional atoms including iron. Indeed, bainite can grow at temperatures where the calculated diffusion distance of iron is an inconceivable 10 -17 m over the time scale of the experiment [Bhadeshia 2015b ]. The observed displacements show that the change in lattice is caused by an orderly transfer of atoms across the interface. There is a wonderful analogy that emphasises this point. Mechanical twins and annealing twins in metals have precisely the same crystallographic orientation, but the former is an actual deformation that is a simple shear on the twin plane, whereas the latter essentially is a growth accident which leaves the shape of the object unchanged. Annealing twins can form only in circumstances where atoms can diffuse over distances comparable with the scale of their structure. There are no restrictions in principle to the lowest temperature at which mechanical twins can be induced by applying an appropriate stimulus.
Item
Structure The detailed nature of the shape deformation is illustrated in Fig. 2 . Such a deformation is known as an invariant-plane strain where the horizontal habit-plane is neither distorted nor rotated. The shear component s of the strain is parallel to that plane and the dilatation δ normal to it. The arrows indicate that the displacements become larger with distance normal to the invariant-plane. When the crystal transforms surrounded by others, large displacements become intolerable so to minimise the elastic strain energy per unit volume (G strain ) the plate adopts a lens-like (lenticular) shape with a sharp tip so that the displacement at the tip itself becomes negligible [Christian 1958 ]. The maximum thickness that the plate can achieve then depends on a balance between the elastic strain energy and the chemical driving force for transformation. It is not surprising then that mechanical twins, martensite, and bainite grow as thin objects that are plates in three dimensions.
Figure 2: The shape deformation determines the lenticular shape of bainite plates. The fat plate outlined with dashed lines is less favoured when compared with the thinner one because the magnitude of the displacements increases with thickness even though the strain (displacement divided by height) is identical at all points in the vertical direction.
There is a caveat to this discussion. It has been assumed that the shape deformation is elastically accommodated by the surrounding austenite. Often, at the elevated temperatures where bainite grows, the austenite is mechanically weak. The strains listed in Table 1 are huge when compared with a typical elastic strain in structural engineering, at just 10 -3
. It is possible then, that the austenite adjacent to the bainite plate relaxes by plastic deformation. Fig. 3a shows an atomic force microscope image of a single-crystal of austenite that was polished flat and then transformed into bainite platelets [Swallow, Bhadeshia 1996] . The shear deformation caused by each platelet is obvious, identified in one case with the arrow marked 'a'.
It is noteworthy, as explained above, that the platelets have sharp tips. The region marked 'b' on the other hand represents austenite that has relaxed by plastic deformation because the transformation strain is greater than can be sustained elastically by the austenite. This creates intense arrays of dislocations in the vicinity of the transformation interface, which then is stopped in its tracks. Therefore, the platelet stops growing before it has encountered a hard obstacle such as an austenite grain boundary. This phenomenon is known as mechanical stabilisation [Machlin, Cohen 1951] and is absolute proof of a displacive transformation mechanism [Bhadeshia 2015b ]. It becomes necessary for another platelet to 'nucleate' at the tip of the original one for the transformation to progress. As a consequence, the macroscopic sheaf (collection of platelets) forms as illustrated in Fig. 3b . Thus, the plastic relaxation of the austenite leads to a huge refinement of structure when compared with martensite plates whose size depends essentially on the geometrical partitioning of the parent austenite. 
The interface
We have seen that the growth of bainite is accompanied by a change in the shape of the transformed region, a change that reflects a coordinated motion of atoms. This deformation is not favoured from a thermodynamic point of view because it causes strains; the associated strain energy reduces the driving force for transformation. Such a concept does not sit comfortably with the idea that there is diffusion or equilibrium. The meaning of diffusion is the intermingling of atoms, which in the presence of chemical potential gradients represents a flow of atoms, albeit in the solid state, a flow that should lead to a reduction in free energy. Such fluidity would not permit the development of the shape deformation but rather, an approach towards equilibrium. The fact that the deformation is observed is testimony to the displacive mechanism of the phase change that conveniently is neglected in other interpretations. Bainite, like martensite, is thermodynamically a first order transformation [Ehrenfest 1933 ]. This means that the product and parent phases can co-exist, separated at a sharp interface. There are restrictions on the character of such a boundary because it must be able to move without diffusion. The structure of the boundary consists of two periodic features, atomic height steps that accomplish the change in crystal structures and dislocations that help to mitigate the longrange strain fields of these steps. The steps are referred to as coherency dislocations [Olson, Cohen 1979 ] -they can glide or climb without diffusion and have a Burgers vector that is not a lattice vector because they accomplish transformation. This is illustrated in Fig. 4 , with the step highlighted by the multi-shaded atoms at the interface. The atomic-height step has a dislocation character but there is no extra halfplane, just a tolerable distortion, which means that it can both glide and if necessary, climb without requiring diffusion. This is important because there usually is a change in density when one crystal structure is transformed into another. In summary, the coherency dislocations are those that accomplish the lattice change. However, having just coherency dislocations in the interface would result in long-range strain fields surrounding the transformed particle. The strain field is mitigated by anti-coherency dislocations that have Burgers vectors which are lattice vectors -their motion does not lead to transformation. They too must be glissile for bainitic or martensitic transformation, so their Burgers vectors must lie outside of the plane of the interface, or be screw dislocations. There are other restrictions that ensure a glissile character, described elsewhere in detail [Christian 2003 , Bhadeshia 2017 . Figure 4 : A coherency dislocation that can climb conservatively while accomplishing lattice transformation. Adapted from [Olson, Cohen 1979] . The inset at the right is the representation of the coherency dislocation in a manner analogous to ordinary dislocations that have extra half-planes.
The Burgers vector content crossing a vector p in the interface (Fig. 5 , OP) can be determined from the closure failure of a Burgers circuit [Bilby 1955 ], [Frank 1950 ], [Christian 2003 ]. The closed circuit AOBP in Fig. 5a spans the two different crystals. If a deformation (A S A) is now applied to convert one of the crystals into the other (reference crystal), then the closure failure PʹP (Fig. 5b) represents the required Burgers vector content b t which can then be de-convoluted into individual dislocations to define the possible structure of the interface. In summary, the structure of the bainite-austenite interface can be concluded to be glissile because its translation causes a particular deformation that can happen only if the atoms move in unison, rather like the performance of a carefully choreographed dance-troupe, as opposed to the pedetic motion associated with diffusion.
Width of the interface
Why should we worry about the width of the bainite-austenite interface? There are three essential reasons: (i) mathematical models exist which make unjustified assumptions about the width in order to make the algorithms work; (ii) high spatial-resolution experiments are now possible so that any local chemical composition can be characterised and compared with expectations based on the totality of evidence; (iii) there are difficulties with theories that apply conventional thinking to diffusion problems where steep concentration gradients exist. The first issue is particularly prevalent in phase field models of bainite where the parent, product and interface are all represented in terms of an order parameter; the interface is therefore diffuse [Song et al. 2011] , [Ramazani et al. 2013] , [Arif, Qin 2013] , [Arif, Qin 2014] . Both the definition of how the free energy density varies across the boundary, and the assumption of particular systematic gradients within the diffuse interface are arbitrary. High resolution transmission electron microscopy has shown that the bainite-austenite interface is in reality sharp, less than 1 nm in thickness [Kajiwara 1999 , Kajiwara 2003 , Ogawa:2006 . The treatment of the strain energy due to the shape deformation is either absent [Song et al. 2011] , [Ramazani et al. 2013] or has been implemented incorrectly with shear occurring in all directions within the habit plane [Arif, Qin 2013] , [Arif, Qin 2014] . When the shape deformation is neglected, the plate shape is generated by an arbitrary anisotropy of interfacial energy; this procedure amounts to image generation rather than a physical representation. I think it is reasonable to conclude that no new knowledge has emerged from the application of phase field methods to bainite [Bhadeshia 2015b ]. The second issue marked (ii) concerns the availability of instruments, in particular of the field ion microscope/atom probe, and of course, high-resolution transmission electron microscopy. The latter gives a direct observation of interfacial width whereas the former has difficulties in the precise location of the interface due to effects described elsewhere [Bhadeshia 2015a ]. Two conclusions can nevertheless be reached from the vast number of experiments that have been conducted using the atom-probe. The first is that there is absolutely no partitioning of substitutional solutes during the growth of bainite; this immediately invalidates any notions that the transformation to bainite could be occurring by a negligible partitioning local equilibrium mechanism (NPLE) [Coates 1972] , [Coates 1973] in which growth occurs with very little redistribution of solutes but with local equilibrium maintained at the interface where a concentration spike occurs in the parent phase. The magnitude of this spike would ensure that the chemical potentials of the elements are identical in the α and γ. Bainite forms at low temperatures so the width of these spikes has long been recognised as being unphysical [Coates 1972] , [Coates 1973 ], often reaching dimensions far less than the size of atoms. Software such as DICTRA© [Borgenstam et al. 2000 ] allow these calculations to be conducted routinely, but it is not appreciated that there is a cost involved in the development of sharp concentration profiles [Bhadeshia 2016 ]. The free energy per atom ( gih ) of a heterogeneous solid solution is given by [Hilliard 1970]: where the first term on the right represents the corresponding free energy per atom of a homogeneous solution of the average concentration, and the second term depends on the magnitude of the gradient in concentration (∇c) 2 and opposes the formation of steep gradients, with κ being a gradient energy coefficient. Fig. 6 shows why the NPLE mechanism is not physical when the concentration gradients are sufficiently steep -essentially, the gradient energy moderates the concentration profile to large widths, making the extent of partitioning greater and the growth rate slower. It is not surprising, therefore, that there are no experimental data [reviewed in Goune 2015] that confirm the existence of the sharp concentration spikes predicted theoretically in domains where the transformation is supposed to occur by the NPLE mode. This applies not just to bainite but allotriomorphic ferrite. Figure 6 : Estimate of the penalty on free energy due to the gradient of concentration in the austenite ahead of the α/γ interface [Bhadeshia 2016 ]. The diffusion distance refers to the width of the concentration spike at the interface.
It is noted that given the atom probe data, and the fact that steep gradients of concentration are costly in terms of free energy, any explanation of kinetics based on substitutional solute gradients existing within or without the interface are not real [Bhadeshia 1983 ]. All models that rely on dissipations due to such diffusion are also invalidated [Bhadeshia 2015b ].
Carbon
The fact that bainite grows without any diffusion, not even that of carbon, has been reviewed [Bhadeshia 2015b ] so will not be discussed here. The salient points are as follows:
• The growth rate when measured at sufficient resolution is orders of magnitude faster than expected on the basis of paraequilibrium, carbon diffusion-controlled lengthening of platelets [Bhadeshia 1984 ].
• In circumstances where the austenite retains its carbon, the reaction stops when the chemical composition is such that diffusionless growth is thermodynamically impossible [Bhadeshia, Edmonds 1980 ].
• The carbides that precipitate inside bainitic ferrite follow exactly the same orientation relationships and metastable precipitation sequences as during the tempering of martensite [Bhadeshia 2015b ].
• Large concentrations of carbon have been observed in solid solution within the bainitic ferrite, far greater than permitted by equilibrium between cubic ferrite and austenite [Caballero et al. 2011] , [Caballero et al. 2012] , Caballero et al. 2014 ].
• When excess carbon in retained in solution, the ferrite lattice has been shown to be bodycentred tetragonal [Smith et al. 2013 ].
Summary
The accumulated evidence proves that bainite is nothing but martensite that may be tempered immediately after transformation. There are differences because the driving force available for bainite is smaller than for martensite. So although the nucleation mechanism for bainite, like martensite, involves the dissociation of dislocations, unlike martensite, it is required that carbon partitions during those early stages of genesis. The nucleus then evolves into diffusionless growth [Bhadeshia 2015b ]. Secondly, the combination of the low driving force and weakness of the austenite at the temperatures where bainite typically forms, induces mechanical stabilisation that leads to a dramatic refinement of the structure. As a result, the platelets of bainite can be much finer than those of martensite.
It is important not to consider the bainite transformation in isolation. Table 2 outlines the characteristics of all of the major transformation products in steel, and forms the basis of many mathematical models which are based on physical principles, and which permit the calculation of overall microstructure as a function of chemical composition and processing. Table 2 : Key transformation characteristics in steels. Martensite α′, lower bainite α lb , upper bainite α ub , acicular ferrite α a , Widmanstaetten ferrite α w , allotriomorphic ferrite α, idiomorphic ferrite α i , pearlite P, substitutional solutes X. Consistency of a comment with the transformation is indicated by =, inconsistency by ≠. A bullet identifies cases where the comment is only sometimes consistent with the transformation. The term parent γ implies the γ grain from which the product phase grows. Adapted from [Bhadeshia, Christian 1990 ].
